ABSTRACT Ouabain (0.05 millimolar) and low temperature (4 C) both caused the tissue Na+ content of excised 5-day-old corn roots to increase, indicating that there is an inhibition of the Na+ efflux pump. Na+ efflux was measured utilizing three different methods. Each method gave similar results in terms of rate and ouabain sensitivity. With one of these methods, the compartmental efflux method, it was demonstrated that rates for Na' efflux increase as the external Na' concentration is increased; e.g. the efflux rates are 0.529, 1.78, and 3.64 microequivalents per gram fresh weight per hour for external NaCI concentrations of 1, 10, and 30 millimolar, respectively. The data indicate that the Na+ efflux pump is located in the plasmalemma of root cells.
There is considerable literature demonstrating that many higher plant cells accumulate K+ in preference to Na+. The low Na+ content in these cells is not due to the exclusion of Na+ since the rates of Na+ influx are of magnitudes similar to those for K+ (7, 13, 22) . The maintenance of low intracellular Na+ content is apparently vital to most higher plants since the enzyme systems of many glycophytes and halophytes are known to be sensitive to high concentrations of NaCl (9, 11) .
A number of halophytes prevent the accumulation of toxic levels of cellular Na+ by the translocation of Na+ into salt glands or other specialized leaf structures (25) . The mechanism which enables glycophytes to maintain low cellular Na+ content is not clearly known. Evidence is now accumulating that some species 'This investigation was supported by grants to R. F. D. from the Rutgers University Research Council, the Charles and Johanna Busch Memorial Fund, and Biomedical 2 Part of the data presented in this paper is from a thesis submitted to the Rutgers University Graduate School by A. Z. J. in partial fulfillment of the requirements for the M.S. degree. of glycophytes maintain low intracellular Na+ by pumping Na+ out of the root cells, ie. by an outwardly directed Na+ pump located in the plasmalemma of root cells. Etherton (7) and Pitman and Saddler (23) have postulated the existence of a Na+ efflux pump in pea and barley roots, respectively, on the basis that the electrochemical activity of Na+ in the cells is lower than in the bathing solution. A K+-stimulated Na+ efflux pump in barley roots has been demonstrated by Jeschke (15) . The cardiac glycoside, ouabain, that inhibits the Na+ efflux pump in many animal cells (10) and algae (18) also causes inhibition of Na+ efflux in barley roots (20) , carrot root tissue (2) , and in corn roots (14) .
Here we present experiments of a more quantitative nature on the Na+ efflux pump in excised corn roots. We show that ouabain and low temperature inhibit the efflux of Na+ across the plasmalemma of root cells. The efflux rate is dependent on the external NaCl concentration.
MATERIALS AND METHODS
Growth of Plants and Determination of Tissue Ion Content. Seeds of Zea mays L. (var. Golden Bantam) were soaked in water for several hours before transfer to Vermiculite moistened with 1 mM Ca(NO3)2 for germination in the dark at 25 C. After 5 days the seedlings were carefully removed from the Vermiculite, rinsed for several min in 1 mm Ca(NO3)2, and the primary roots cut into 1-cm sections. These sections were then placed in a specified solution for 24 h to allow ion uptake. All treatments were performed in triplicate. Each sample (approximately 0.5 g) was placed in 150 ml of nutrient solution in an Erlenmeyer flask. Flasks had Paraflim dust covers with small perforations for gas exchange, and aeration and stirring were achieved using gyratory shakers (150 rpm). Nutrient solutions were renewed every 12 h. Flux experiments and ion content determinations were performed at 22 ± 2 C, and low temperature experiments were run in a cold room at 4± 1C.
The basic nutrient solution contained: 1 mm KCI, 1 mM Ca(NO3)2, 0.25 mM MgSO4, and NaH2PO4 and Na2HPO4 present in a ratio to buffer the solution at pH 5.7 and to make the total Na+ concentration 1 mm (5). Where necessary NaCl was added to give 10 or 30 mm Na+.
At the end of the 24-h uptake period the root segments were removed from the flasks and rinsed for 1 min in a gentle stream of 1 mm Ca(NO3)2 to remove adherent ions. The root segments were gently blotted with paper towels and weighed.
for 16 h to load the cells with radioisotope for efflux experiments. After loading, five roots were excised from their shoots and secured in an efflux chamber having a volume of 20 ml. This chamber was similar in design to the one described by MacRobbie and Dainty (19) . Solutions in the chamber were stirred and aerated by vigorous bubbling with washed air. This arrangement allowed the exchange of Na' between roots and a nonradioactive solution of identical composition to the loading solution. At specified times, varying from 5 min initially to 0.5 h later on, the efflux solutions were drained from the chamber by opening a clamp at the botton and collected for drying in planchets. Another nonradioactive solution was immediately added to the efflux chamber for the next efflux sample. The solution changing procedure required about 10 s. Radioactivity (22Na') was determined with a gas flow planchet detector and scaler (Nuclear-Chicago, model 470). At the end of the experiment the roots were weighed, digested in hot 0.1 N HCI, and the digests were dried in planchets to determine the radioactivity remaining in the tissue.
Graphs for the elution of Na+ were constructed according to Davis and Higinbotham (6) . These graphs were not corrected for the cpm appearing in the xylem exudate, as was found to be necessary in some experiments of this type (6) , since the cpm in the exudate were low enough not to change appreciably the character of the elution curves.
Graphical analyses of the elution curves and the other known experimental parameters give the following quantities (6) (6) .
Flux to Xylem Vessels. Exudate was collected from the excised basal end of primary roots to which a small, plastic exudate collection tube was attached (5) . Samples of exudate were removed from the collection tubes of five similarly treated plants at hourly intervals and analyzed for Na+ concentration with flame emission spectrophotometry. Fluxes (jueq g-' h-1) of Na+ to the vessel exudate were then calculated from the Na+ concentration in the exudate, the volume of exudate produced in I h, and the root weight.
RESULTS
Effects of Ouabain and Low Temperature on K+, Na+, and ClI Content. In an initial series of experiments the effects of ouabain and low temperature on the Na+ content of excised corn roots were determined. The rationale for these experiments was that either of these treatments should inhibit a metabolically driven Na+ efflux pump and thereby cause an increase in the tissue Na+ content. The effects of low temperature (4 C) on Na+ content are shown in Table III . At each concentration of external Na+ the effects of low temperature were similar to those elicited by ouabain. As expected, low temperature caused large reductions in K+ and CFcontents (Table III) .
Compartmental Flux Analyses. The effects of ouabain on the bidirectional plasmalemmna and tonoplast fluxes were determined from compartmental efflux analysis experiments (6). These experiments also provided a sensitive method for determining the effects of ouabain on cytoplasmic Na+ content. The primary data from the elution experiments are shown in Table IV . In all experiments, Table IV were substituted into equations 9 to 13 of Davis and Higinbotham (6) to calculate JL, Jco0 Jcv, Jvc, and the cytoplasmic content, Q, (Table V) . Table V shows that with 1 mm external Na+ ouabain inhibited Figure   1 . The method of Cram (2) was used for these experiments. The procedure involved loading about 2 g of roots for 12 h in 22 Na+-labeled nutrient solution. Subsequently, the efflux of 22Na' was determined from the radioactivity lost from the roots to successive 7.5-ml aliquots of solutions without 22Na'. The absolute values of Na+ efflux were determined from the cpm appearing in the external solution and the average specific radioactivity in the roots for each assay period. The effluxes measured by this method are the over-all fluxes between the vacuole and external solution, Low temperature experiments were carried out in a controlled environment room at 4 ±1.0 C. See legend of Table I for other conditions of the experiment. Table V The data shown were obtained from elution curves and the analysis of Na content at the end of the wash- The Na fluxes and compartment contents were determined as described in the text. External Na+ concentrations were constant during both tissue loading and elution. Ouabain was added two hours prior to elution.
External Na Concentration (mM) across the tonoplast and plasmalemma, but can be taken to be indicative of the plasmalemma effiux. Figure 1 shows that initially there is a small increase in Na+ efflux with the introduction of ouabain (0.05 mM). This is followed in about 1.5 h by a decrease. In a given experiment, once maximum inhibition was attained, the efflux rate remained essentially constant until ouabain was removed. Complete recovery on removal of ouabain was observed in every experiment. The values of Na+ efflux given in Figure 1 are somewhat lower than those obtained with the compartmental analysis experiments (Table V) or those estimated from the short term influx experiments (see following).
Short Term Influx of Na+. Short term influx experiments (3) were designed to check the plasmalemma fluxes by a different method. For these experiments Na+ influx was calculated from the tissue 22Na' activity after a 20-min load in a 22Na' labeled solution containing a total of 10 mm Na+. This was followed by an 8-min wash in inactive solution. The 20-min load/8 min wash regime was based on the t1/2 for cytoplasmic exchange (t1/2 = 0.693/kc = 19.9 min) and the approximate t1/2 for the cell wall and extracellular components (t/2w = 0.693/kw = 1.4 min) following similar reasoning to Cram and Laties (3). Ouabain (0.05 mM) was added to the nutrient solution containing roots 2.5 h before adding 22Na' for loading. Net Na+ uptake was estimated by flame photometry of the increase in tissue content over the duration of the pretreatment, loading, and washing periods. The value of Na+ efflux was calculated from the Na+ influx minus the net Na+ flux.
Results from the short term influx experiments are shown in (Table V) with those predicted from the passive driving forces by use of the Ussing equation indicates that there is active extrusion of Na+ (Table VII) . Use was made of the tissue content values given in Table I The influx of Na was investigated in short term uptake experiments (see text for details). Net uptake was determined by estimating the increase in tissue content over the pretreatment, radioactive loading, and elution periods. Sodium efflux was calculated from the short term influx minus the net uptake. Results are the means of three replicates ± standard error.
Treatment
Na Influx Net Na Flux Na Efflux (Table IX) were the same as those given under "Materials and Methods" for ion content studies on corn roots. The increase in Na+ content brought about with ouabain in corn roots (Table I) was not found in peas treated in 30 mm Na+ (Table IX) . The K+ content in pea roots was also unaffected by ouabain. The Na+ content (Table IX) is about half (unpublished) indicated that ouabain has no effect on J..
DISCUSSION
The existence of a Na+ efflux pump (J,,) in the plasmalemma of corn root cells that is inhibited by ouabain has been demon-strated in this study utilizing three different experimental techniques for flux measurement. The effects of ouabain, however, cannot be considered to be specific for J. in corn roots since Joc and J,c were also inhibited (Tables V and VI) ; Jr, was stimulated by ouabain treatment (Table V) . The extent of J,, inhibition was less than for JC,-and, as a result, there was a net increase in the cytoplasmic Na4 content. The ouabain-induced stimulation of J,, along with the inhibition of J,, (at 10 and 30 mM Na+) resulted in increased Na4 content of the vacuole (Table IV) .
The inhibition of Na4 influx by ouabain is generally not observed in animal cells (10) and in giant algae (18) . The inhibition of J,, by ouabain in corn roots is not presently understood. The inhibition is not, however, the result of a depressed cellular electric potential since ouabain had no effect on the potential in corn roots (R. F. Davis, unpublished) .
Low temperature and ouabain each caused the tissue Na4 content to increase (Tables I and III) . This may be considered as indirect evidence for the inhibition of J, o by these agents. Ouabain caused no significant changes in the tissue content of either K4 or Cl-(and presumably of K4 and C1-fluxes) while low temperature reduced the tissue content of both these ions (Tables I and III) .
Low temperature apparently inhibits the active influxes of K4 and C1-.
Although evidence for a Na4 efflux pump in higher plant roots has been given previously on the basis of electrochemical and flux considerations (7, 15, 22, 23) , apparently only the present study and those of Cram (2) cluded that the Na4 pump is located in the plasmalemma of cells near the endodermis external to the Casparian strip.
The rate of Na4 pump activity in com roots is stimulated as the extemal Na4 concentration is increased (Table V) . For example, the pumping rate is 3.4 times greater at 10 mm external Na4 than at 1 mm, and it is 6.9 times greater at 30 mm than at I mm. These data indicate that the Na4 pump works harder to maintain nontoxic levels of cellular Na4 as the extemal Na4 concentration is increased. The vacuolar Na4 content (= total tissue content, Tables I and IV) in the absence of ouabain is never significantly greater than the concentration of external Na4; it is in fact lower when the external Na+ concentration is 30 mm. However, the cytoplasmic Na4 content (Table V) (Table V) , with 10 and 30 mm external Na+, respectively, are apparently not high enough to have deleterious effects on cell metabolism (9) . In this regard, we observed no adverse effects resulting from 24- (Table I) . Cram (2) found no effect of ouabain on K4 fluxes in carrot roots. Our data and those of Cram (2) with K4 could indicate that in corn and carrot roots K4 influx and Na4 efflux are not linked as they are in animal cells (10) and in giant algal coenocytes (18) . Although Jeschke (15) (10) . In light of the data presently available, it is reasonable to postulate that higher plant cells lack a tightly coupled Na4/K4 pump, even though both Na4 and K4 may be actively transported.
In animal cells there is a rather large literature revealing that ouabain inhibits both Na4 efflux and membrane-bound ATPase activity, and this is considered as evidence for the association of the Na+ efflux pump with ATPase (10) . The inhibition of the Na+ efflux pump by ouabain in corn and barley roots (20) suggests a similar role for ATPase in higher plants. However, there is conflicting evidence for the effects of ouabain on ATPase activity in higher plants. Hall (12) demonstrated that 0.5 mm ouabain inhibits the Na+-stimulated ATPase activity in barley roots by 25%. Brown and Altschul (1) likewise reported ATPase inhibition by ouabain in Arachis. Fisher and Hodges (8) and Leonard and Hodges (17) , on the other hand, were unable to find any inhibitory action for ouabain on membrane-bound ATPase in oat roots. These differing results with the effect of ouabain on ATPase activity, as well as those cited above for the lack of an effect of ouabain on Na+ efflux in certain plants, clearly indicate the need for more research on the effects of ouabain in these areas.
